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ene 6 protein of bacteriophage

T7 has 5'-3"-exonuclease activity
specific for duplex DNA. We have
found that gene 6 protein also has
flap endonuclease activity. The flap
endonuclease activity is considerably
weaker than the exonuclease activity.
Unlike the human homolog of gene 6
protein, the flap endonuclease activity
of gene 6 protein is dependent on the
length of the 5'flap. This dependency of
activity on the length of the 5'-flap may
result from the structured helical gateway
region of gene 6 protein which differs
from that of human flap endonuclease 1.
The flap endonuclease activity provides
a mechanism by which RNA-terminated
Okazaki fragments, displaced by the
lagging strand DNA polymerase, are
processed.  3'-extensions  generated
during degradation of duplex DNA by
the exonuclease activity of gene 6 protein
are inhibitory to further degradation
of the 5-terminus by the exonuclease
activity of gene 6 protein. The single-
stranded DNA binding protein of T7

overcomes this inhibition.

Introduction

Bacteriophage T7 gene 6 protein (gp6),
a double-strand specific 5'-3'-exonuclease,
is essential for phage growth."* The
exonuclease activity has been studied
extensively and has been shown to initiate
hydrolysis at the 5'-termini of duplex
DNA, hydrolyzing the DNA in a non-
processive manner to release nucleoside
5'-monophosphates.”? We recently found
that gp6 also has a structure-specific
5'-flap The

endonuclease  activity.
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endonuclease activity depends on the
length of 5'-flaps: the activity decreases
as the length increases. T7 single-strand
DNA binding protein (gp2.5) encoded
by gene 2.5 stimulates both the flap
endonuclease activity and the exonuclease
activity of gp6. The question arises as to
the role of the flap endonuclease activity
in phage-infected cells.

The exonuclease activity of gp6 plays
roles in several DNA metabolic processes
in phage-infected cells. In replication,
gp6 participates in the degradation of
the bacterial DNA to provide nucleoside
5'-monophosphate  precursors for the
synthesis of T7 progeny DNA.° In
addition, the maturation of Okazaki
fragments requires the removal of the
5'-terminal RNA primer, a process
performed by gp6.” Recombination in
T7-infected cells is extremely efficient
even in the host lacking RecA pathway.®
However, no recombinant molecules are
generated when Escherichia coli is infected
with bacteriophage T7 deficient in gp6.’
Most likely gp6 plays an important role in
creating single-stranded regions in T7 in
preparation for recombination.

We recently characterized the flap
endonuclease activity of gp6.> The major
position of cleavage occurs one nucleotide
into the duplex region adjacent to double-
stranded/single-stranded DNA junction.
Unlike eukaryotic flap endonucleases,
the efficiency of flap cleavage decreases
with increasing length of the 5"-overhang.
A comparison of known structures from
homologs of flap endonuclease provides
a model as to the effect of the length of
the 5"-overhang on the flap endonuclease
activity of gp6.
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Figure 1. Mechanisms of cleavage of 5’-overhangs (flaps) by bacteriophage and human homologs. (Upper panel) Phage T5 exonuclease has a structured
gateway domain region on the protein in the absence of DNA substrate. The predicted structure of T7 gp6 shows high similarity to the known structure
of T5 exonuclease. The 5'-flap must be threaded through the gateway from the 5’-terminus until the scissile phosphodiester bond is positioned at the
active site. A longer 5'-flap would require additional time to complete the threading process. (Lower panel) In human FENT1, the gateway domain region
is disordered in the absence of substrate. Thus the aperture is considerably larger than that found in the structured gateway, allowing for more efficient
passage of a long flap. The gateway then becomes structured after binding the substrate with the scissile phosphodiester bond in the active site. The
disordered gateway is indicated as a red line and the structured gateway as two red cylinders. The DNA is shown in blue.

Flap endonucleases play a variety of
roles in all life forms including replication,
recombination, and repair pathways.
While the role of the flap endonuclease
activity of gp6 in T7-infected cells is not
known, one can speculate on its role based
on the known role of homologous flap
endonucleases in other systems. Here we
discuss the potential function of the flap
endonuclease activity in T7 replication
and propose a model for RNA primer
removal from Okazaki fragments. In
addition we discuss the possible role in
DNA replication of the stimulation by
gp2.5 of both the exonuclease and the flap
endonuclease activities of gp6.

Flap Endonuclease Activity
of gp6

gp6 has flap endonuclease activity as
well as 5" to 3" exonuclease activity.” The
flap endonuclease activity is considerably
weaker than the exonuclease activity: the
rate of hydrolysis of blunt-ended substrates
ranges from 10- to 120-fold faster than
that found with substrates having a
5'-overhang.’ The cleavage site for the flap
endonuclease is one nucleotide into the
duplex region, a site that is consistent with
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other flap endonuclease (FEN) homologs.
The flap endonuclease activity of gp6
requires a free 5'-terminus for cleavage,
as is the case for the exonuclease activity.
However, the flap endonuclease activity
requires the 5'-terminus to be single-
stranded DNA whereas the exonuclease
activity requires the 5"-terminus to be base-
paired (i.e., double-stranded DNA). gp6
does not hydrolyze a flap structure if the
5'-portion of the flap is base-paired within
a duplex region as is found in the gaps
between Okazaki fragments. A predicted
structure of gp6 generated by the program
[-TASSER exhibits characteristic features
shared by other FEN proteins: a helical
gateway, a helical wedge, and a helix 3-turn
helix motif."*!? The gateway structure in
the predicted model leads us to speculate
that gp6 functions through a mechanism
similar to other FEN proteins in which a
5'-flap is recognized and threaded through
the gateway for cleavage. In particular, the
predicted structure of gp6 is very similar
to the known structure of T5 exonuclease,
which also has flap endonuclease activity.?
Interestingly, the endonuclease activities
of gp6 and T5 exonuclease are dependent
on the length of the 5"-flap; the longer the
length of the 5'-flap, the lower the flap
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endonuclease activity.'

Such dependency
is not observed in eukaryote FEN proteins.
Conformational changes in the gateway in
these proteins may explain this dependence
of 5'-flap length (Fig. 1)."1° The eukaryote
flap endonuclease homologs such as
human flap endonuclease 1 (FEN1) have
disordered gateway in the absence of DNA
substrate, and only become structured
when DNA binds to the protein (Fig. 1,
lower panel). The model for the function
of this class of flap endonucleases is called a
disorder-thread-order mechanism."*'¢ The
structured gateway in flap endonucleases
allows only single-stranded DNA o
thread through it. The disordered state
of human FENI has a larger aperture
than those flap endonucleases that have
a structured gateway, thus enabling the
protein to pass long DNA flaps as a block
by folding the strand or even DNA flaps
containing adducts." As long as the size
of the folded flap region exceed the size
of the disordered gateway, even long flaps
could pass through the gateway all at once.
In contrast, the helical gateway of T5
exonuclease has a defined structure in the
presence or absence of bound DNA. T5
exonuclease does not appear to undergo
a conformational transition of the helical
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gateway, suggesting that the gateway size
does not change and is just large enough
to allow the passage of single-stranded
DNA commencing from its 5'-terminus.
Therefore, T5 exonuclease is susceptible
to the length of 5-flap compared with
eukaryote homologs that have the flexible
gateway (Fig. 1). The 5'-flap length
dependency on gp6 flap endonuclease
activity and its predicted structural
similarity to T5 exonuclease suggest that
its gateway region is similarly structured in
the absence of DNA and does not change
in size upon substrate binding.

The flap endonuclease activity of gp6 is
stimulated by gp2.5, as is the exonuclease
activity. This stimulation by gp2.5 is
dependent on a single-stranded region
opposite the 5'-flap. Thus, stimulation
occurs when gp2.5 can bind to a region
opposite the 5'-flap. It seems likely that
gp2.5 physically interacts with gp6, since
the gp6 is likely bound to the base of the
5'-flap where cleavage occurs. Moreover,
E. coli single-strand binding protein does
not stimulate gp6, suggesting that specific
interactions between gp2.5 and gp6 are
required for the stimulation. When gp6
is incubated with a DNA substrate that
has a 5'-flap with single-stranded DNA
region opposite the 5'-flap, binding can
be detected by electrophoresis mobility
shift assay only in the presence of gp2.5,
implying that gp2.5 is improving the
affinity of gp6 to these DNA substrates.

RNA Removal

One of the well-studied functions of
flap endonucleases is RNA primer removal
during DNA replication.”*® Since DNA
polymerases cannot initiate DNA synthesis
de novo on a template strand, the synthesis
of the lagging strand at a replication fork
requires preformed oligonucleotides to
function as primers to initiate template-
dependent  DNA DNA
primases synthesize oligoribonucleotides
and DNA polymerases then extend
these RNA primers to initiate processive
DNA synthesis. The resulting Okazaki
fragments are eventually covalently joined

synthesis.

to form a continuous lagging strand.
However, prior to ligation by DNA
ligase the 5'-terminal RNA must first be
removed.
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Several models have been proposed
to account for the RNA primer removal
the lagging strand in
eukaryote systems. In one mechanism,

process on

the replicative polymerase & continues
polymerization after it encounters the
downstream Okazaki fragment, resulting
in displacement of the RNA primer and
the formation of a 5'-flap structure. FEN1
recognizes this displaced strand and
cleaves it at the base to allow Ligase 1 to
join the adjacent Okazaki fragments.'”?
Under some circumstance FEN1 will
fail to remove the RNA primer, in which
case the multifunctional Dna2 nuclease/
helicase catalyzes its removal."®*' One
such example where this event will occur is
when polymerase 8 displaces the Okazaki
fragment to such an extent that it provides
a single-stranded DNA binding site for
replication protein A (RPA). When the
displaced strand is bound by RPA it is no
longer a substrate for FEN1. RPA recruits
Dna2 and stimulates its nuclease activity
to cleave a large portion of the RNA-
terminated flap, up to a terminal product
flap ~5-6 nucleotides in length. The
remaining flap is then removed by FEN1
to produce a nick for ligation. In addition
Exol, a 5'-3" exonuclease, can specifically
act as a backup for FEN1 nuclease activity.
Another mechanism has been proposed
in which the RNA primers are degraded
by sequential action of RNase H2 and
FENI1.22% However, genetic deletion of
RNase H in Saccharomyces cerevisiae does
not lead to any phenotype, suggesting
that this model involving RNase H is not
the primary pathway for RNA removal
in those cells.**® Therefore, the model
described above involving FEN1 and
Dna2 nuclease/helicase is thought to be
the dominant pathway for RNA primer
removal in eukaryotes.

In T7 replication, gene 5 DNA
polymerase (gp5) is the replicative DNA
polymerase for both the leading and
lagging strands. gp5 normally does not
catalyze strand displacement synthesis.?®
When  gp5

duplex regions, it halts synthesis and

encounters downstream
idles as its 3’-5'-proofreading exonuclease
activity removes nucleotides and they are
replaced by the polymerization activity.
Consequently the RNA primer on an
Okazaki fragment should not normally
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be displaced but remain annealed to the
template strand. Thus, gp6 can remove
the RNA primers
without using its flap endonuclease

exonucleolytically

activity (Fig. 2).% Is there any possibility
for a flap to occur at the 5'-terminus of
an Okazaki fragment? gp5 deficient in the
3'-5"-proofreading exonuclease activity
catalyzes strand displacement synthesis for
several hundred nucleotides. gp5 is subject
to an interesting reaction wherein reactive
oxygen species selectively modify residues
within the exonuclease domain provided
that Fe?* ions are bound in the Mg?* site
of the exonuclease active site.”* Whether
or not this form of DNA polymerase
exists in phage-infected cells is not known
but the possibility does exist. Moreover,
gp2.5 enables gp5> to catalyze limited
strand displacement synthesis at a nick in
duplex.?”3® On the lagging strand, a region
within the lagging strand replication
loop upstream of the preceding Okazaki
fragment is single-stranded, awaiting
copying by the lagging strand DNA
polymerase as it completes an Okazaki
fragment.?' Clearly, both gp5 and gp2.5
are in close proximity as the synthesis
of the Okazaki fragment is completed.
In this situation, strand-displacement
synthesis by gp5 could occur. Moreover,
E. coli single-strand binding protein, an
abundant protein in T7 phage-infected
cells, also has the ability to promote
strand-displacement synthesis by gp5.?’ In
these situations, the RNA-primer region
would be displaced by gp5 as observed in
eukaryote systems and subject to the flap
endonuclease activity of gp6. However,
it remains likely that the processing of
most Okazaki fragments occurs via the
exonuclease activity of gp6, resulting in
removal of the RNA primer (Fig. 2). The
flap endonuclease activity of gp6 would
be a backup pathway during replication:
flap structures resulting from failure of
proper polymerization and RNA removal
are processed to maintain T7 genome
integrity.

Degradation of Host DNA

The degradation of host DNA to

nucleoside 5’-monophosphates following

infection with T7 phage provides
the precursors for deoxynucleoside
e28507-3
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Figure 2. Model for the role of gp6 in RNA primer removal. T7 DNA polymerase (gp5 in green) fills the gap between Okazaki fragments, in the process
displacing T7 single-stranded DNA binding protein (gp2.5 in pink) that is coating the single-stranded DNA template. When gp5 encounters the preceding
Okazaki fragment two distinct pathways can occur: (i) The exonuclease activity of gp6 (red) degrades the RNA primer and continued hydrolysis results
in the removal of some deoxyribonucleotides (left panel). (i) Strand displacement synthesis by gp5, an event that can occur with exonuclease deficient
gp5 or with exonuclease proficient gp5 in the presence of gp2.5, creates a flap containing the RNA primer (right panel). The flap endonuclease activity
of gp6 cleaves the flap one nucleotide into the duplex, releasing the RNA primer. gp5 fills the gap resulting from removal of the flap and the resulting
nick is sealed by T7 DNA ligase. DNA is indicated in blue and ribonucleotides are represented in yellow.

5'-triphosphates, the substrates for DNA
polymerase. More than 80% of the
nucleotides found in newly synthesizing

T7 DNA are derived from the breakdown

indicating that both proteins are required
for degradation of host DNA during
infection.*¢

In vitro, gp6 degrades duplex DNA

of the host DNA.*? Gene 3 endonuclease  non-processively from 5'-termini
(gp3) carries out endonucleolytic liberating nucleoside 5-monophophates.'?
breakdown of the host chromosome into  gp3 hydrolyzes duplex DNA
DNA fragments.>® gp6 then hydrolyzes endonucleolytically and  hence its

these
5'-monophosphates. Inactivation of either

fragments to yield nucleoside

gene 3 or 6 results in a lack of degradation

the E. coli DNA after T7 infection
and little DNA synthesis is observed,
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nucleolytic products are predominately
duplex. However, the identity of the
termini of the relatively high molecular
weight DNA (1 x 10°) products resulting
from the breakdown of E. coli DNA is not
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known. It seems likely that these fragments
would contain both 5" and 3'-single-
stranded DNA overhangs since they
originate from nicks in close proximity
to one another. The flap endonuclease
activity of gp6 would be indispensible for
degradation of duplex DNA containing
the 5"-overhangs.

After gp6 removes several nucleotides
from the 5’-terminus of the host DNA,
the 3'-terminus of the strand opposite of
the degraded strand is exposed. We have
found that such a 3'-single-stranded DNA
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extension inhibits gp6 nuclease activity by
~50% for the flap endonuclease activity
and by ~20% for the exonuclease activity.’
Hence, the formation of 3’-extensions
decrease the efficiency of degradation
of these endonucleolytic products of
gp3. However, gp2.5 can overcome this
inhibition since it stimulates both activities
of gp6. When gp6 is incubated with a 500-
bp duplex DNA, the exonuclease activity
is 3.5-fold more active in the presence of
gp2.5 than in itsabsence.” This stimulation
does not occur when E. coli single-strand
binding protein is substituted for gp2.5.
In addition, gp2.5 lacking its C-terminal
tail does not stimulate gp6 activity,
implying a specific interaction occurs
between these two proteins through the
acidic C-terminal tail of gp2.5 (data not
shown). This C-terminal tail of gp2.5 is
known to interact with both T7 gp5 and
T7 helicase.>
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